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' I review the present understanding of connection between the non-zero neutrino 

| masses and the baryon asymmetry of the Universe. The state-of-art results are 

, presented for the standard thermal leptogenesis. 

CO 

o 

' 1. Smallness of neutrino masses and the seesaw mechanism 

, Non-zero neutrino masses and mixing angles provide at the moment the 

only convincing evidence 1 of physics beyond the standard model. A 
paradigm to understand the smallness of neutrino masses, involving some 
\\ new heavy states which break lepton number, is called the seesaw mech- 

anism 2 . If the heavy particles couple to the Standard Model lepton and 
Higgs doublets, decoupling of them generates at low scale the dimension 
five operator 



X 



y : \llhh. (d 

After the electroweak symmetry breaking (1) generates small neutrino 
masses suppressed by the heavy scale A. 

According to the original proposal 2 , which still is by far the most popu- 
lar and the most studied version of the seesaw mechanism, the heavy states 
are three superheavy singlet Majorana neutrinos iVj. These can be iden- 
tified with the right-handed chiral fields of some grand unification gauge 
group such as 5*0(10) and play a fundamental role in the anomaly cancella- 
tion. As the singlets do not have the Standard Model gauge couplings, they 
do not spoil the nice features of the Standard Model or its supersymmet- 
ric extension, such as the gauge coupling unification. The relevant terms 
for the light neutrino masses in the Lagrangian are the neutrino Yukawa 
couplings Y v and Majorana masses m^r, 

L = L Li Yj j N Rj H + ^N c m m%N Rj + h.c. (2) 
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Integrating out the heavy neutrinos one obtains the seesaw relation for light 
neutrino masses 

m„ = -YfmrfYvV 2 , (3) 

where v = 174 GeV. According to that, the relation between light neutrino 
masses and mixing in m v , and the structure of the heavy neutrino Yukawa 
couplings and mass matrix is rather complicated, and obtaining the ob- 
served neutrino mixing pattern requires complicated flavour model build- 
ing 3 . As the deviation of the light neutrino mixing from bimaximal seems 
to be parametrized by the quark mixing matrix, this quark-lepton comple- 
mentarity 4 may indicate some unification effect for the fermion Yukawa 
couplings. There are 9 physical degrees of freedom in the left-hand side of 
(3) while the right-hand side contains 18 of them. The missing 9 physical 
degrees of freedom at low energies can be parametrized by an orthogonal 
parameter matrix R 5 or by an Hermitian parameter matrix H 6 . The latter 
one allows to relate the missing degrees of freedom to different observables 
in the supersymmetric models with universal boundary condition for the 
soft supersymmetry breaking terms . Those include the renormalization 
induced lepton flavour violating processes 8 and electric dipole moments 9 . 
The connection between low- and high-energy observables in the singlet 
seesaw models has been reviewed by S. Davidson in this conference 10 . 

The second proposal for generating light neutrino masses is to couple the 
Standard Model doublets to the SU(2)l triplet Higgs boson with non-zero 
hypercharge 11 . The relevant interaction terms are given by 

L = -^=(Y* j L^TLj + \H t T*it 2 H + h.c.) + M T Tr[TTt], (4) 

where T = t • T, the triplet T is in the SU(2) L x U(l)y representation 
T <~ (3, 1), and the n are the three Pauli matrices. Notice that the Yukawa 
couplings Yt and the Higgs self coupling A together break lepton number 
explicitly. In this case the neutrino masses are suppressed by the heavy 
triplet mass Mt via the triplet seesaw mechanism 12 

™«=Yi?X^-. (5) 

The triplet neutrino mass mechanism is very appealing one from the low 
energy neutrino phenomenology point of view because it requires intro- 
duction of the minimal number of new degrees of freedom and because 
the neutrino masses are directly proportional (up to the renormalization 
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effects) to the triplet Higgs Yukawa couplings. In the triplet seesaw mecha- 
nism the low energy neutrino mass measurements determine directly, up to 
the overall scale, the structure of Majorana type Yukawa couplings in the 
fundamental Lagrangian. Indeed, comparison of (5) with (3) shows that 
the flavour structure of (5) is trivial. Therefore the explanation to the al- 
most bimaximal light neutrino mixing is free of fine tunings and unnatural 
cancellations between numerical parameters. This simplicity also implies 
that the flavour violating processes in supersymmetric models are related 
to each other 13 . The scale of Mt can vary from almost unification scale 
to as low as 1 TeV 14 . In the latter case Higgs triplet can be discovered in 
the future collider experiments 15 . 

The third neutrino mass mechanism with triplet fermions 16 is con- 
sidered to be somewhat exotic and has not gained much attention in the 
neutrino model building industry. We do not discuss this possibility in this 
talk any further. 

2. The seesaw mechanism and leptogenesis 

Another observable related to the physics of neutrino masses is the baryon 
asymmetry of the Universe. The observed ratio of baryon density to entro- 
phy density 17 , 

— - (8.7 ±0.4) x 10- 11 , (6) 
s 

requires the existence of physics beyond the Standard Model. To gener- 
ate (6), three famous Sakharov's conditions must be satisfied 18 . Firstly, 
baryon number must be violated. Secondly, C and CP must be violated. 
Thirdly, the process must take place in out-of-equilibrium situation. In 
principle, those conditions can be satisfied also in the Standard Model since 
at non-perturbative level both B and L are separately violated 19 . How- 
ever, baryogenesis in the electroweak phase transition has been extensively 
studied and found not to able to generate (6) because it requires very light 
Higgs boson mass Mh < 40 GeV. Therefore, currently the most widely 
accepted concept for generating (6) is leptogenesis. 

According to the paradigm of leptogenesis 20 , non-zero lepton asymme- 
try is generated first in out-of-cquilibrium decays of some heavy states in 
the early universe. Thus the interactions of those heavy particles must vio- 
late lepton number and CP, and out-of-equilibrium condition is provided by 
the expansion of the Universe, T < H , where H is the Hubble parameter. 
Thereafter the lepton asymmetry is reprocessed to the B — L asymmetry 
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by the sphaleron processes 21 , generating (6). Baryogenesis via leptogenesis 
is the only idea which is also supported by the experimental data, namely 
by the non-vanishing neutrino masses and mixing. If we require the see- 
saw mechanism to induce simultaneously both the neutrino masses and the 
baryon asymmetry of the Universe, one can constrain leptogenesis from the 
experimental neutrino data. From that point of view different realizations 
of the seesaw mechanism discussed in the previous Section have quite dif- 
ferent features. In this talk I consider only thermal leptogenesis, i.e., the 
case when all the particle species are created by thermal plasma during and 
after reheating of the Universe. All the following discussion applies only to 
that case. 

In the case of the singlet neutrino seesaw mechanism 2 leptogenesis 20 is 
a direct, almost un-avoidable, consequence of seesaw rather that a separate 
mechanism. Because present neutrino data requires the existence of at 
least two heavy singlet neutrinos, and because in the case of Majorana 
particles physical CP phases exist already in the case of two generation, 
even the most minimal singlet seesaw model implies viable leptogenesis 22 . 
If the heavy and light neutrinos are hierarchical in mass so that leptogenesis 
comes from the decays of the lightest singlet Ni only, there exist an upper 
bound on the CP asymmetry from its decay 23 

3 m Nl m 3 

167T v z 

where 777,3 is the heaviest light neutrino mass. In more general case there is 
an upper bound on the the light neutrino mass scale from leptogenesis 24 
which does not allow highly degenerate neutrino masses. This, together 
with (6) and with the state-of-art estimates of the thermal washout ef- 
fects 25 , leads to the lower bound on the leptogenesis scale, which turns out 
to be 777^ > 2 x 10 9 GeV. However, if the singlet neutrinos are partially 
degenerate in mass, the CP asymmetry is resonantly enhanced 26,27 and 
leptogenesis scale as low as O(l) TeV could be viable. In principle the 
bound (7) can also be violated if the heavy neutrinos are not degenerate 28 . 
First neutrino model of that sort has been proposed in Rcf. 29 , and such 
models are quite different from the generic ones. All-together, leptogenesis 
is a very natural consequence of the singlet seesaw mechanism. 

On the other hand, the triplet seesaw mechanism, which in its minimal 
form contains just one triplet Higgs, does not provide leptogenesis in the 
Standard Model because of the lack of interfering amplitudes. The minimal 
triplet leptogenesis model must contain two triplets 30 which doubles the 
neutrino degrees of freedom, and the nicest phcnomenological argument of 
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simplicity in favour of this scenario is lost. However, in the minimal super- 
symmetric version of the triplet seesaw model leptogenesis is possible 31 . 
In the supersymmetric triplet seesaw model the anomaly cancellation re- 
quires introduction of two triplets with opposite U(l) quantum numbers, 
T ~ (3, 1) and T ~ (3,-1). According to the superpotential 

W=^=(Yi?L i TL j + XiHxTHi + \ 2 H 2 TH 2 ) + M T TT, (8) 

T and T have equal masses but only one of them couples to the lepton dou- 
blet, thus giving (5) with A = A2, v = v 2 . When supersymmetry breaking 
terms are included, T and T degeneracy is split by the soft terms, and reso- 
nant leptogenesis occurs 31 via the mechanism called "soft leptogenesis" 32 . 
While the scale of triplet seesaw is rather arbitrary, the scale of triplet lep- 
togenesis is very much constrained due to the strong dependence on the size 
of the soft supersymmetry breaking B terms. In the following discussion 
we concentrate only on the singlet leptogenesis as the most interesting one. 



3. Standard thermal leptogenesis 

By the standard leptogenesis we mean the evolution of lepton asymmetry 
in the thermal plasma during and after reheating of the Universe. The 
heavy neutrinos are assumed to be hierarchical in mass so that leptogenesis 
occurs in the decays of the lightest heavy neutrinos N\ only. Despite of the 
fact that the neutrino sector of the minimal seesaw model contains 18 free 
parameters, this scenario depends on only very few combinations of them. 
We parametrize the generated B — L asymmetry via 



Y, 



B-L 



-e Nl n F^(T»m JVl ), 



(9) 



where ejvi is the CP-asymmetry in N\ decays at zero temperature given 
by 27 



1 ^Im[(yty)2 1 ( m 



with 



f(x) = V£ 



x-2 
x - 1 



(1 + x) In 



X>1 



(10) 



(11) 



and YP(T » m Nl ) = 135C(3)/(47r 4 <?„) is the neutrino equilibrium density 
at high temperature. Here counts the effective number of spin-degrees 
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of freedom in thermal equilibrium (g* = 106.75 in the SM with no right- 
handed neutrinos). If the light (and also heavy) neutrino masses are taken 
to be hierarchical, the lower bound (7) on the CP asymmetry holds. In 
the following we assume that this is the case. Eq.(9) can be regarded as 
the definition of the leptogencsis efficiency parameter rj, which contains 
all the finite temperature effects and dependences on the initial conditions 
for heavy neutrino abundances. For hierarchical neutrino masses, and for 
particular initial condition, the efficiency n depends on only two parameters. 
Those are toat 1 and the effective neutrino mass 

. (y„yj)n 2 

mi = v , 

m Nl 

which is the measure on N\ interaction strength with thermal plasma. 

The obtained B — L asymmetry is converted to the baryon asymmetry 
via sphaleron processes 

n B _ 24 + 4n g n B -L 
s 66 + 13hh s 

where ur is the number of Higgs doublets. For the SM we find numerically 

— = -1.38 x \Q- z e Nl ri. (14) 
s 

Although the standard thermal leptogenesis scenario has been studied 
extensively 33 , several important aspects of this scenario have been worked 
out in detail quite recently. Most important of them is adding finite tem- 
perature corrections to the decay and scattering amplitudes and to the CP 
asymmetry 25 . It has been found that to a good approximation the domi- 
nant effects are included if one (i) uses thermal masses of particles in the 
processes involved instead of zero temperature masses; (ii) renormalizes all 
the couplings at the first Matsubara mode, 

E r = 2ttT, (15) 

using the zero-temperature renormalization group equations; (iii) uses finite 
temperature Feynman rules for calculation of the CP asymmetries. The 
important consequence of this is that at high temperatures the Higgs boson 
mass exceeds the sum of the singlet neutrino and lepton mass, and instead 
of N decay the two-body decay process is H — > NL. The second important 
refinement of the calculation is inclusion of the gauge scatterings in 25 
(which in particular limit agree with the similar attempt in 34 ). Thus the 



(12) 



(13) 
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Figure 1. Evolution of the scattering densities (first plot) and the CP asymmetries 
(second plot) with temperature. 



processes contributing to the thermal leptogcncsis arc 
A£ = 1 : D = [Nx LH], S s = H s + A s , S t = H t + A u 

(16) 

AL = 2: N s = [LH <-> LH] , N t = [LL^HH], 
where 

H s = [LNi «-> Q 3 U 3 ], 2H t = [NxtJa <-> Q 3 L] + [NiQ a ^ U 3 L], 

A s = [LNi <->• HA], 2A t = [NiH <->AL] + [NiA<-> HL]. [ ' 

We separated AL = 1 scatterings S s j into top {H s>t ) and gauge contri- 
butions (A s j). The evolution of scattering densities 7 for the particular 
processes with temperature has been shown in Fig. 1 for rriN 1 = 10 10 
GeV and fh\ = 0.06 eV. It follows that there is a temperature range in 
which H and L thermal masses are such that all the two-body decays are 
kinematically forbidden. Notice that in order to avoid double counting of 
the two-body decays, after subtracting the resonances from the scattering 
LH LH the corresponding 7^ is completely negligible compared to the 
other processes. In the same figure we also plot the dependence of the CP 
asymmetries in N — > HL and in H — > NL decays. The solid line shows 
the result of full finite temperature calculation in 25 while the dashed line 
is obtained by approximating N\ to be at rest in thermal plasma. Those 
results agree with each other with good accuracy. The results including 
thermal corrections plotted in Fig. 1 differ both qualitatively and quanti- 
tatively from the zero temperature calculations and change the predictions 
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Figure 2. Isocurves of leptogenesis efficiency r\. The first plot is for vanishing initial N\ 
abundance, the second plot is for fixed mjvj = 10 10 GeV. 



for the generated B — L asymmetry. 

Solving the full set of Boltzmann equations for the evolution of the 
B — L asymmetry with temperature, and parameterizing the results via 
Eq.(9), our results for the leptogenesis efficiency r\ are shown in Fig. 2. 
In the first plot we present the isocurves of r\ = 10\ i = —1,-2,-3,... in 
the {ihi^rriNx) plane, assuming vanishing initial abundance for the singlet 
neutrinos Yjvi {T — oo) = 0. The maximum efficiency is found around rh\ ~ 
10~ 3 eV. For smaller values of fh\ the Yukawa interactions of N\ are too 
weak for N± to reach thermal abundance, which leads to the suppression 
of the B — L asymmetry. For larger values of mi the Yukawa interaction 
becomes too strong so that the N\ decays occur not sufficiently in out-of- 
equilibrium, which again leads to the suppression of the B — L asymmetry. 
Our result can be summarized with a simple analytical fit 25 

1 ^ 3.3 x lCT 3 eV / m x 
t) fhi h VO-55 x 10" 3 eV 

valid for <C 10 14 GeV. This enables the reader to study leptogenesis 
in neutrino mass models without setting up and solving the complicated 
Boltzmann equations. 

The dependence of the efficiency on the initial conditions for Ni is 
demonstrated on the second plot in Fig. 2 where we assume = 10 10 
GeV and study three different cases, zero initial abundance for N±, ther- 
mal initial abundance for Ni and when Ni dominates the Universe. For 
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Figure 3. Regions in (m\,mN 1 ) and (mjViiTflff) planes allowed by successful leptoge- 
nesis. 

small values of rhi the results depend on the initial conditions. However, if 
mi = \J Ato 2 o; or fft\ — y/ Am„ ira , the prediction of thermal leptogenesis 
is practically independent of any pre-existing initial condition. This makes 
the thermal leptogenesis predictions so robust. 

In order to study in which parameter space the thermal leptogenesis is 
capable to yield the observed baryon asymmetry of the Universe, one has 
to combine the results for the efficiency rj with the maximal value of the CP 
asymmetry (corrections to Eq.(7) from non-zero mi have to be taken into 
account). This has been done in Fig. 3. In the first plot in this figure we 
present the contours for successful leptogenesis in the (mi , m^ ) plane for 
the three initial conditions for JVi as before. There exist lower bounds on 
the Ni mass from the requirement of successful leptogenesis which depend 
on the initial conditions. For the vanishing initial Ni abundance, which is 
probably the most appropriate assumption for singlets, the bound is 25 

m Nl > 2 x 10 9 GeV. (19) 

To derive the results presented so far we have assumed that the re- 
heating temperature of the Universe exceeds the singlet neutrino mass, 
Trh 3* ■ This may not be the case in all the scenarios, especially in 
supersymmetric ones because supersymmetry sets an upper bound on the 
reheating temperature of the Universe from the overproduction of grav- 
itinos 35 . Therefore one has to study how our predictions depend on the 
reheating of the Universe. We have set up and solved Boltzmann equations 
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which include Trh as a free parameter in Ref. 25 . The result is presented 
on the second plot in Fig. 3 where we show the region in the (m^ , Tr#) 
plane allowed by thermal leptogenesis. We have taken rh\ = 1CT 3 eV and 
assumed vanishing initial abundance for N\. The results show that Trh 
can be as low as mjvi without considerable loss of the efficiency. How- 
ever, if Trh < mjvi successful leptogenesis requires large values of , 
considerably larger than the minimally allowed one. 

4. Conclusions 

Baryogenesis via leptogenesis, the idea of generating the observed baryon 
asymmetry of the Universe in out-of-cquilibrium decays of heavy particles 
which violate lepton number, is supported by the light neutrino data. Re- 
markably, the standard thermal leptogenesis works in particularly robust 
way in the neutrino parameter space suggested by the seesaw mechanism. 
Currently it is not possible to make exact predictions between the low en- 
ergy neutrino measurements and the generated baryon asymmetry because 
of too many free parameter in the seesaw model. Nevertheless the exper- 
imental and theoretical success in understanding the seesaw meshanism 
during its first 25 years has been impressive. Hopefully in next 25 years, if 
next generation experiments will find new lepton flavour violating observ- 
ables, leptogenesis can be experimantally established as the mechanism of 
baryogenesis. 
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